The building sector is a large consumer of the world's energy and is responsible for 40% of the European Union's (EU) total final energy consumption. The most effective and efficient method to reduce energy consumption of buildings is to retrofit existing buildings with more energy efficient facilities. This paper presents a multi-objective optimization model for building envelope retrofit planning which aims at maximizing energy savings and economic benefits with given investment budget. It also takes thermal comfort and life-cycle impact into consideration. Results from application to the retrofit planning of a 70 years old family house show that energy consumption can be reduced effectively by the presented model.
Introduction
Energy consumed by buildings accounts for a large proportion (about 32%) of the global energy use [1] . In particular, about 50% of the total energy consumption in a general building is dissipated through its envelope. According to [2] , building retrofit is not a necessarily better, but more feasible and economic way to save energy than constructing new green buildings. Therefore, building envelope retrofit is a priority measure to reduce energy demand and improve energy efficiency, especially for old buildings.
However, research on building envelope retrofit is scarce and the optimal retrofit plan is not easy to make because there are many complex factors (energy consumption, comfort, investment cost, environment impact and so on) to be taken into consideration. [3] presents a methodology to find out the solution with optimal performance in terms of energy saving and environment conservation in complex buildings. [4] evaluates the life-cycle energy demand of buildings with different envelopes in India. The results show that the life-cycle energy saving is much more with insulation materials added to external wall and roof. A multi-objective optimization model for building envelope retrofit is presented in a more recent paper [5] . The objective therein is to minimize the building's energy consumption while striking the best balance between stakeholders' benefits and occupants' requirements. Though a "static" analysis such as those in [5] is important, it is noted that the materials' performance decay with time, and economic factors, such as life-cycle cost, net present value (NPV) and payback period are key issues for a decision maker in practical projects for their long term sustainability.
This paper builds on the study of [5] by presenting a multi-objective optimization model for building envelope retrofit planning. In addition, a solar panel power supply system is taken into consideration in ) this study. The model presented aims at maximizing energy savings and economic benefits with a specific investment budget. The reminder of the paper consists of three parts. Section 2 gives the formulation of the multiobjective optimization problem. Section 3 provides the results and analysis of a case study. Section 4 draws conclusions and discusses future research.
Problem formulation

Decision variables
A building envelope retrofit plan includes a set of retrofit actions. In this study, the retrofit plan determines the retrofit actions for the building envelope which consists of four components: windows, external wall insulation materials, roof insulation materials and solar panels.
Assume that there are I, J, K, L alternatives of the four components, respectively; and solar l x They are decision variables to represent whether the j th type of the external wall insulation materials, the k th type of the roof insulation materials are retrofitted and whether the l th type of the solar panels is installed; solar A is another decision variable to represent the area of the solar panels installed. The decision variable of this problem is then denoted as
Model analysis
To save energy for a building, the main electricity consuming processes, including space heating, cooling and hot water supply, must be taken into account. A solar panel power supply system is also included in this study to further reduce energy drawn from utilities and its corresponding cost.
The energy need for space heating ic Q is calculated by using the following equations [6] 
where the mathematical notations are described in the nomenclature. (2. 14) The equation (2.14) gives the power output decay rate of the solar panel in the i th year. As the performance decay of windows, wall insulation materials and roof insulation materials are much slower than that of solar panels, only solar panels' performance decay with time is considered. In addition to that, the performance of a solar panel will also be affected by material degradation that needs maintenance attention. But this is not taken into account in this study because it is related to maintenance plan instead of the retrofitting plan.
Given that the objective of this study is to maximize energy savings and economic benefits by the retrofit plan, energy savings, payback period and net present value are taken as the deciding factors and built into the cost function. The payback period is defined as the time point after which the NPV becomes non-negative. The values of the other two factors in T years are calculated with the discount rate d by [ 
The multi-objective optimization problem in this study can be transformed into a minimization problem with a weighted sum objective function given by: 
Inequalities (2.19) means that retrofitting cost should be less than the investment and the area of solar panel installed should be less than the effective area which can be used. Equations in (2.10) means only one alternative of each component can be chosen for the retrofitting.
Case study
The existing building under study is a family house with a ground floor and a basement, facing southeast. It has been 69 years since it was constructed. The house's gross floor area is 97m2. The glazing area is 9.7 m2 (5.66 m2 facing North, 0 m2 facing East, 2.43 m2 facing South and 1.62 m2 facing West). The walls have no thermal insulation and the windows are single glazing with wood frames. In this study, the evaluation period T is 10 years. The discount rate in NPV calculation is 9%, which is recommended in South Africa [2] . The discount rate of the electricity price is considered constant during the evaluation period, which is 8% according to the 2014 Eskom (South Africa's largest utility) notification. Part of the parameters in the models, such as heating season duration, solar radiation intensity for each orientation, degree-days can be found in the regulation of characteristics of thermal behavior in buildings based on ISO-13790 [8] and are omitted here due to space limit.
Windows, external walls and roofs are considered to be retrofitted and solar panels are considered to be installed. There are 5 types of windows, 13 types of external wall insulation materials, 10 types of roof insulation materials and 7 types of solar panels. Part of their information is listed in Tables 1-4 due to space limit. The multi-objective optimization problem is solved by the OPTI toolbox provided for MATLAB with its built in algorithm for mixed integer nonlinear programming problems. The results are presented in Tables 5-6 . The results show the corresponding performances after applying the optimal solution which is to retrofit the existing building with the first type of windows, the tenth type of wall insulation materials, the first type of roof insulation materials and the fourth type of solar panels. It is observed that the optimal retrofitting plan is not simply to go for the cheapest options. Table 5 illustrates the influence of various investments. It is shown that energy savings, NPV, payback period and the area of installed solar panel keep increasing as the investment grows. Table 6 illustrates the influence of various tuning weights. For instance, the energy savings, NPV, retrofit cost and the area of installed solar panel keep decreasing as the weight of the payback period increases. Table 5 shows that the results of this retrofitting plan is much better than that in [5] as the percentage of energy savings is up to 91.2% with cost of $5000 while the percentage of energy savings is 80.7% with cost of $5901.
Conclusion
In this study, an optimal building envelope retrofit plan for existing buildings is investigated. This planning strategy is formulated as a multi-objective optimization problem and solved in MATLAB. Energy savings, life-cycle cost, NPV and payback period, as important indicators for a project developer, are taken into consideration in the model. Results of the model shows that a compromised solution strikes for the balance between energy savings and economic benefits can be achieved for a given investment budget. A family house is studied to demonstrate the effects of the model. The results show that up to 288.44 MWh energy can be saved in 10 years with the maximum payback period of 17 months.
